abbreviationS ALIF = anterior lumbar interbody fusion; ASA = American Society of Anesthesiologists; ASD = adult spinal deformity; BMI = body mass index; CCI = Charlson Comorbidity Index; EBL = estimated blood loss; HRQoL = health-related quality of life; LIF = lateral interbody fusion; LL = lumbar lordosis; LOS = length of stay; ODI = Oswestry Disability Index; PI = pelvic incidence; PI-LL = mismatch between PI and LL (lumbopelvic mismatch); PSF = posterior instrumented spinal fusion; PT = pelvic tilt; SVA = sagittal vertical axis; TK = thoracic kyphosis; TLIF = transforaminal lumbar interbody fusion; VAS = visual analog scale; 3CO = 3-column osteotomy. obJective The aim of this study was to evaluate the utility of supplementing long thoracolumbar posterior instrumented fusion (posterior spinal fusion, PSF) with lateral interbody fusion (LIF) of the lumbar/thoracolumbar coronal curve apex in adult spinal deformity (ASD). MethoDS Two multicenter databases were evaluated. Adults who had undergone multilevel LIF of the coronal curve apex in addition to PSF with L5-S1 interbody fusion (LS+Apex group) were matched by number of posterior levels fused with patients who had undergone PSF with L5-S1 interbody fusion without LIF (LS-Only group). All patients had at least 2 years of follow-up. Percutaneous PSF and 3-column osteotomy (3CO) were excluded. Demographics, perioperative details, radiographic spinal deformity measurements, and HRQoL data were analyzed. reSUltS Thirty-two patients were matched (LS+Apex: 16; LS: 16) (6 men, 26 women; mean age 63 ± 10 years). Overall, the average values for measures of deformity were as follows: Cobb angle > 40°, sagittal vertical axis (SVA) > 6 cm, pelvic tilt (PT) > 25°, and mismatch between pelvic incidence (PI) and lumbar lordosis (LL) > 15°. There were no significant intergroup differences in preoperative radiographic parameters, although patients in the LS+Apex group had greater Cobb angles and less LL. Patients in the LS+Apex group had significantly more anterior levels fused (4.6 vs 1), longer operative times (859 vs 379 minutes), and longer length of stay (12 vs 7.5 days) (all p < 0.01). For patients in the LS+Apex group, Cobb angle, pelvic tilt (PT), lumbar lordosis (LL), PI-LL (lumbopelvic mismatch), Oswestry Disability Index (ODI) scores, and visual analog scale (VAS) scores for back and leg pain improved significantly (p < 0.05). For patients in the LS-Only group, there were significant improvements in Cobb angle, ODI score, and VAS scores for back and leg pain. The LS+Apex group had better correction of Cobb angles (56% vs 33%, p = 0.02), SVA (43% vs 5%, p = 0.46), LL (62% vs 13%, p = 0.35), and PI-LL (68% vs 33%, p = 0.32). Despite more LS+Apex patients having major complications (56% ©AANS, 2017 
L umbar/thoracolumbar scoliosis is a common feature of adult spinal deformity (ASD) and is frequently accompanied by global spinal malalignment, back and leg pain, and decreased quality of life. Operative intervention for ASD has proven cost effective compared with nonoperative management, 25 as many patients have persistent pain and curve progression with nonoperative treatment. 27, 29, 37 Keys to achieving good postoperative outcomes include correction of scoliosis, decompression of neural elements, avoidance of pseudarthrosis, and restoration/maintenance of global spinal alignment.
Traditionally, anterior spinal fusion with instrumentation of the lumbar/thoracolumbar curve was most common, as it provided excellent deformity correction and high patient satisfaction. 12, 17, 18, 30, 37 However, complications associated with traditional open anterior lumbar approaches led to increasing popularity of alternative and less-invasive anterior approaches. Since its first report, 24 the minimally invasive, lateral, transpsoas approach (lateral interbody fusion, LIF) has proved safe and effective for deformity correction when combined with posterior instrumented spinal fusion (posterior spinal fusion, PSF) in ASD. 1, 5, 8, 16, 26, 33, 36 However, the utility of combining long PSF with multilevel LIF of the primary lumbar/thoracolumbar curve apex in ASD has not been defined. The objective of this study was to compare perioperative complications, radiographic deformity parameters, and healthrelated quality of life (HRQoL) scores of patients with ASD treated with PSF and lumbosacral interbody fusion (L5-S1) with or without LIF of the lumbar/thoracolumbar curve apex.
Methods

Patient Population
Two multicenter databases were retrospectively reviewed. The first database included ASD patients who underwent traditional open operations (not minimally invasive surgery) and were enrolled prospectively. The second database included ASD patients who had previously undergone operations that included a minimally invasive approach; their data were retrospectively entered into the database. Institutional review board approval was obtained at each participating center. All eligible patients were older than 18 years and had at least one of the following: scoliosis ≥ 20°, sagittal vertical axis (SVA) ≥ 5 cm, pelvic tilt (PT) ≥ 25°, or thoracic kyphosis (TK) ≥ 60°.
Adults in the aforementioned databases who had undergone open PSF and L5-S1 interbody fusion and had at least 2 years of follow-up and complete preoperative and postoperative radiographic and clinical outcome data were included. Patients treated with stand-alone LIF, percutaneous PSF, posterior-only PSF without any interbody fusion, 3-column osteotomy (3CO), anterior column release, 10, 11, 22, 34 and anterior lumbar interbody fusion (ALIF) or transforaminal lumbar interbody fusion (TLIF) used at any interspace cranial to the L5-S1 interspace were excluded so as to minimize variations of the surgical techniques that might have confounded the results. Patients who underwent L5-S1 ALIF were positioned supine, while lateral decubitus positioning was used for those undergoing TLIF. Data on the timing of ALIF in relation to posterior instrumentation/fusion were not available for analysis. Data for types of interbody cages (i.e., lordotic vs straight) at each level were also not available for analysis.
Two groups were defined based on whether or not treatment included multilevel LIF of the coronal curve apex. The first group (from the first database) consisted of patients who underwent PSF and L5-S1 interbody fusion, and is referred as the LS-Only group (Fig. 1) . The second group (from the second database) consisted of patients who first underwent multilevel LIF (minimum 2 levels) (Stage 1) followed by PSF and L5-S1 interbody fusion (Stage 2), and is referred to as the LS+Apex group (Fig.  2 ). Groups were matched based on the number of posterior vertebral levels fused so as to avoid confounding, as this parameter has been shown to be a strong predictor of complications, independent of age or presence of comorbidities. 16 Patients were matched by assigning a propensity score using linear regression. Scores were ranked and then divided into 3 groups with similar propensity scores. To create an equal sample size from both groups, a random sample of the larger group was used. There were no significant differences in levels fused posteriorly between the 2 groups (confirmed by Mann-Whitney U-test).
outcome Parameters
Patient demographics, clinical characteristics, and surgical details included age, sex, body mass index (BMI), vs 13%; p = 0.02) and postoperative leg weakness (31% vs 6%, p = 0.07), there were no intergroup differences in 2-year outcomes. conclUSionS Long open posterior instrumented fusion with or without multilevel LIF is used to treat a variety of coronal and sagittal adult thoracolumbar deformities. The addition of multilevel LIF to open PSF with L5-S1 interbody support in this small cohort was often used in more severe coronal and/or lumbopelvic sagittal deformities and offered better correction of major Cobb angles, lumbopelvic parameters, and SVA than posterior-only operations. As these advantages came at the expense of more major complications, more leg weakness, greater blood loss, and longer operative times and hospital stays without an improvement in 2-year outcomes, future investigations should aim to more clearly define deformities that warrant the addition of multilevel LIF to open PSF and L5-S1 interbody fusion.
Charlson Comorbidity Index (CCI), American Society of Anesthesiologists (ASA) physical status classification (converted to an Arabic numeral for purposes of analysis), estimated blood loss (EBL), operative time, number of anterior and posterior levels fused, levels at which LIF procedures were used, type of L5-S1 interbody fusion (ALIF or TLIF), and hospital length of stay (LOS). Postoperative complications were divided into major and minor, as described by Carreon et al. 6 Radiographic analysis was performed on preoperative and 2-year follow-up standing, 36-inch radiographs. All measurements were performed using Spineview (ENSAM Laboratory of Biomechanics) at a central location and included global C7-S1 SVA, lumbar lordosis (LL), pelvic incidence (PI), PT, mismatch between PI and LL (PI-LL), and lumbar/thoracolumbar Cobb angle.
Clinical outcome measures included the Oswestry Disability Index (ODI) 13 and pre-and postoperative back and leg pain as assessed with a 10-point visual analog scale (VAS).
Statistical analysis
Frequency distributions and summary statistics were tabulated for all baseline and outcome variables. Mean values are given with standard deviations. Categorical variable distributions were compared using the Fisher exact or Pearson chi-square test depending on sample and cell sizes. Perioperative continuous variables were compared using paired Student t-tests within each group, while continuous variables at each time-point between each group were compared using unpaired Student t-tests.
results
Of 1215 patients enrolled, 32 were matched (16 in each group, LS+Apex and LS-Only; 6 men and 26 women; mean age 63 ± 10 years). The large exclusion is a result of stringent inclusion criteria (only L5-S1 interbody fusion, no 3CO, and case matching based on the number of posterior levels fused) and highlights the difficulty of comparing like populations for a tremendously heterogeneous disorder and associated surgical strategies.
Patient demographic and operative data are presented in Table 1 . The entire cohort had an average BMI < 30, mean CCI of 1.8, and mean ASA classification of 2.4. The LS-Only and LS+Apex groups were similar with regard to age, sex, BMI, CCI, and ASA classification. An average of 10 levels were fused and instrumented posteriorly in the overall cohort; there was no statistically significant intergroup difference in the number of levels fused, as anticipated from matching. With regard to L5-S1 interbody fusion, TLIF was used more commonly (> 90% of cases) than ALIF in both groups. The distribution of ALIF and TLIF procedures was similar in the 2 groups. Fifty-four LIF procedures were performed in the LS+Apex group (average 3.4 per case). The most common levels at which LIF procedures were performed were L2-3 (29.6%), L3-4 (27.8%), and L4-5 (25.9%). No LIFs were performed proximal to T-12. Operative times averaged nearly 600 minutes for all cases, with patients in the LS+Apex group having significantly longer times (480 minutes longer on average) than those in the LS-Only group (p < 0.01). The LOS was significantly longer in the LS+Apex group (average 4.5 days) as well (p < 0.01).
Results of radiographic analysis are presented in Table  2 . Preoperatively, for the entire cohort, the average lumbar/thoracolumbar Cobb angle was 43°, the mean SVA was greater than 6 cm, and the mean PI-LL was 20°. Patients in the LS+Apex group had greater Cobb angles (49° vs 36°, p = 0.06) and less LL (27° vs 41°, p = 0.06); all other preoperative radiographic parameters were similar in the 2 groups (Table 2) . At 2 years' follow-up, the mean Cobb angle, PT, LL, and PI-LL were significantly lower than preoperative values in the LS+Apex group. In the LS-Only group, only the Cobb angle showed statistically significant improvement; the postoperative SVA, LL, PI-LL, and PT values were not significantly different from preoperative values. Radiographic parameters that remained persistently abnormal after operation in the LSOnly group were SVA (mean 6.1 cm), PT (mean 24.2°), and PI-LL (11.0°). Compared with the LS-Only group, patients in the LS+Apex group had better correction of Cobb angles, SVA, PT, LL, and PI-LL.
Postoperative complications are presented in Table  3 . Of 32 patients whose data were analyzed, 16 patients (50%) had a complication. There were no statistically significant differences between the 2 groups with respect to the percentages of patients who required revision operations and had minor complications. Significantly more patients in the LS+Apex group had a major complication (56% vs 12.5% in the LS-Only group, p = 0.02). Patients in the LS+Apex group had more leg weakness (31.3% vs 6.3%, p = 0.17), and more minor radiographic complications (25% vs 0%, p = 0.11) than patients in the LS-Only group. All infections in the LS+Apex group were associated with posterior incisions; no lateral incisions became infected. There were no differences in pseudarthrosis rates between the 2 groups (6.3% in each group, p > 0.99).
Clinical outcome data are presented in Table 4 . Preoperatively, most of the patients were severely disabled (ODI score > 40), and there was no statistically significant difference in mean ODI scores for the 2 groups (50.5 ± 1.7 for the LS+Apex group vs 43.4 ± 16.2 for the LS-Only group, p = 0.23). Most patients had severe back pain preoperatively (VAS score > 8), and the mean VAS scores for back pain were similar in the 2 groups (p = 0.91). Most of the patients had moderate leg pain preoperatively, and the VAS scores for leg pain were also similar in the 2 groups (p = 0.30). Postoperatively, there were significant improvements in ODI and VAS scores for back and leg pain in both groups. In turn, the mean 2-year postoperative ODI and VAS scores for back and leg pain were significantly lower than preoperative values for both groups. Postoperative improvements in ODI scores and VAS scores for back and leg pain were similar in the 2 groups.
Discussion
Circumferential fusion has traditionally been advocated for large lumbar/thoracolumbar curves and global spinal malalignment, as it provides higher fusion rates, greater deformity correction, and better clinical outcomes than posterior-only techniques. 15, 23, 37 The lateral, transpsoas approach is an attractive option for achieving interbody fusion in ASD, as it provides minimally invasive access to the lumbar spine/thoracolumbar junction and is associated with less blood loss, avoids direct neural manipulation, and puts less physiological stress on patients compared with multilevel ALIF and TLIF. 9, 28, 35, 36, 38 The goal of this investigation was to evaluate the utility of supplementing long thoracolumbar open PSF with multilevel LIF of the lumbar/thoracolumbar curve apex in ASD. As each deformity and associated operation is unique, this study was designed to isolate effects of LIF on 2-year postoperative outcomes by case-matching patients so that like operative strategies, save the presence of the multilevel LIF procedures (i.e., all patients had L5-S1 interbody fusion, open posterior instrumentation, and no 3CO), were compared. In turn, sample sizes are small. Deformities are variable as well, given the undefined role of LIF in ASD. As such, this is a unique investigation, as it is the first cohort analysis of its kind. Previous studies regarding LIF in the setting of ASD have been primarily case series. 1, 2, 5, 8, 19, 35, 36 The major advantage of multilevel LIF in our patients was radiographic. While the average Cobb angle magnitudes improved significantly in both groups, correction was significantly better with LIF (average 28° for the LS+Apex group vs 12° for the LS-Only group). This is consistent with previous reports on multilevel LIF in ASD. 1, 5, 16, 33, 35 For example, Caputo et al. found a 72% improvement in Cobb angles (preoperative 20.2° vs postoperative 5.6°). 5 Wang et al. also reported significant improvement in Cobb angles (preoperative mean 31.4° vs postoperative mean 11.4°) in their study involving 23 patients with ASD who underwent multilevel LIF (average 3.7 levels per case). 35 In a separate study of ASD patients treated with LIF at an average of 3 levels per case, Dakwar et al. demonstrated an average 15° Cobb angle improvement (preoperative 21.3° vs postoperative 6.1°). 8 Interestingly, 2 patients in their series had preoperative Cobb angles of 48° and 49°, which improved to 8° and 12°, respectively, after undergoing T12-L5 LIF procedures. 8 In Tormenti and colleagues' series of 8 ASD patients (mean preoperative Cobb angle 38.9°) treated with multilevel minimally invasive LIF (mean 2.8 levels per patient) and open PSF, the postoperative average Cobb angle was 13.4°. 33 In their comparative group, consisting of 4 patients who underwent posterioronly instrumentation combined with posterior interbody fusion at a variable number of levels (ranging from none to 3 levels), the mean values for curve correction were lower than in patients treated with the combination of minimally invasive LIF and open PSF. 33 Regional sagittal alignment is not consistently changed after use of LIF. 1, 5, 8, 20, 33 Caputo et al. found global LL decreased from 10.1° to 9.2° after multilevel LIF and posterior instrumentation. 5 Tormenti et al. noted a decrease in LL from 47.3° preoperatively to 41.8° postoperatively. 33 Conversely, Wang et al. noted an 8° improvement in LL (preoperative 37.4° vs postoperative 45.5°) after LIF and percutaneous PSF. 35 Furthermore, one-third of patients did not have correction of sagittal plane imbalance in the series by Dakwar et al. 8 These data contrast with our data showing that the patients in our LS+Apex group had significant improvements in LL (average 17°), PI-LL (preoperative 23° vs postoperative 7°), PT (average 6°), and SVA (average 2.7 cm). While these improvements may have been afforded by the open posterior approach, our patients who underwent a posterior-only approach did not have significantly different 2-year values for SVA, PT, LL, and PI-LL compared with preoperative values. Although our LS-Only group had a normal mean LL value (46°) 2 years postoperatively, the mean SVA (6.1 cm), pelvic tilt (24°), and PI-LL (11°) values were persistently abnormal 2 years after surgery. This may have been due to small sample size or may suggest that optimal deformity correction was not maintained when LIF procedures were not performed.
Despite superior radiographic deformity correction, addition of multilevel LIF to PSF was associated with longer operative times, more EBL, and longer LOS. Specifically, the average operative time for the LS+Apex group was 859 minutes, which was 480 minutes longer than for the LSOnly group. This difference was not only attributable to patients who had a third surgery (i.e., ALIF) for L5-S1 interbody support. Also, the average LOS was 4.5 days longer in the LS+Apex group. These findings are not unexpected, as performing a separate lateral operation is a second surgery that is often performed in a staged manner relative to the posterior approach. Even if it is not staged, a single-day operation that involves an ALIF procedure (supine), multilevel LIF procedures (lateral decubitus), and a posterior approach would require substantial operative time (as was the case for 1 patient in our series). The average EBL was 500 ml greater in the LS+Apex group than in the LS-Only group. This is consistent with the literature in that lateral interbody fusions are associated with minimal blood loss. 8, 16, 19, 26, 35 However, the average EBL for both cohorts in our study was approximately 2 L, a degree of blood loss that has been correlated with overall complication rates in spine surgery. 6, 16 The overall complication rate in our cohort was high and reflects the complexity of these operations in elderly patients whose cases are medically complex. It is also consistent with previously reported complication rates (as high as 80%) after operations for ASD. 7, 9, 14 The use of open PSF in both groups may have contributed to the high complication rate. In Isaac and colleagues' series of 107 patients treated with LIF, the incidence of any complication (27.9% vs 15.4%) and the incidence of major complications (20.7% vs 5.8%) were both higher in patients who had open PSF than in those who had percutaneous PSF. 16 Interestingly, all of the reoperations and deep wound infections in that study were associated with open PSF, 16 which was also the case in our study.
While performing posterior fusion procedures via a percutaneous approach may result in fewer complications, the overall complication rate after LIF in patients with degenerative scoliosis ranges from 6.1% to 33.6%. 16, 19, 26, 36 Reported approach-related complications for LIF include: wound dehiscence, major vessel injury, kidney lacerations, ileus, bowel injury, gastric volvulus, pleural cavity violation, incisional hernias, psoas weakness, and motor and sensory lumbar plexus nerve palsies. 5, 8, 16, 26, 33, 35 While no patient in either of our cohorts suffered a vascular or visceral injury, significantly more of the patients in the LS+Apex group had a major complication. While only 1 patient in the LSOnly group had a new neurological deficit postoperatively, 5 (31.3%) of the patients in the LS+Apex group had a new postoperative motor deficit, radiculopathy, or nerve palsy. This is consistent with previous reports. For example, in Wang and colleagues' study of 26 ASD patients treated with multilevel LIF, 30.4% had new postoperative thigh numbness, dysesthesias, pain, or weakness. 35 Twenty-five percent of the patients treated with LIF in the study by Tormenti et al. had postoperative motor radiculopathies, and 75% experienced postoperative thigh dysesthesias/ paresthesias. 33 Furthermore, Isaacs et al. found that 33.6% of patients had postoperative weakness-a single motor grade decrease in 28 patients (resolved in 82% of cases within 1 year), 2 grades in 6 patients (fully resolved by final follow-up), and more than 2 grades in 3 patients. 16 One patient had 1/5 proximal muscle weakness that was attributed to a lumbar plexus injury; by the 6-month follow-up visit, the muscle strength had improved to 4/5. 16 Despite these complications, HRQoL scores for both groups in our study improved significantly. The VAS scores for leg and back pain obtained 2 years postoperatively were were significantly lower than preoperative values. Additionally, the ODI scores decreased on average by more than 15 points, which surpassed the minimum clinically important difference previously demonstrated for ODI scores (12.8 points) in ASD. 21 Previous reports on ASD patients treated with or without LIF have also demonstrated consistent improvement in VAS pain and disability scores after surgery. [1] [2] [3] [4] 8, 23, [31] [32] [33] Interestingly, despite not having as robust coronal and sagittal radiographic deformity correction as the LS+Apex group, the LS-Only group had similar 2-year HRQoL scores.
This study has limitations. First and foremost, the sample sizes in each group are small, making the study underpowered to detect important differences between the groups. Selection bias may also jeopardize the generalizability of the results. Despite case-matching and stringent inclusion and exclusion criteria, the deformities treated in each group were on average relatively similar, but individually variable. Despite this variability, the patients were treated with similar surgical techniques, except for the use of multilevel LIF in the LS+Apex group. Thus, our data represent outcomes of the use of these different techniques for variable deformities and do not provide insight into the type of deformity that should be addressed with either of the techniques. Nevertheless, while our operative and postoperative intergroup differences are likely meaningful, they should be carefully considered in the setting of our retrospective evaluation of 2 heterogeneous multicenter databases, which introduce variability in surgical technique (i.e., type of interbody cages-straight or lordotic, number of Smith-Petersen osteotomies), training and experience of surgeons and assistants, efficiency of operating room staff, intraoperative hospital services, and postoperative activity protocols and pain medication regimens. While all of these variables may have influenced operative time, EBL, LOS, and complication rates, it is a real possibility that variations in the abilities of the surgeons performing these techniques, rather than techniques used, may be a significant driver of the outcomes and complications. However, in a multicenter study surgeon variability is randomly distributed across study sites. The variation in use of ALIF or TLIF may also have been a confounder in the study given the differences in their cage/graft footprints. Outcome measures may have also been influenced by other patient factors that were not evaluated, including psychological distress. As our sample sizes precluded comparing outcomes between subcategories of patients based on degree of sagittal or coronal deformity (SVA, lumbopelvic mismatch, coronal balance), we suggest that this be an avenue for future investigation. Furthermore, our outcome measures were not comprehensive, as a disease-specific questionnaire, patient satisfaction scores, and a cost analysis were not included. Additionally, we are not able to comment on preoperative curve flexibility and/or loss of deformity correction or complications that occur more than 2 years after surgery, including pseudarthrosis rates.
conclusions
Long open posterior instrumented fusions with or without multilevel LIF are used to treat a variety of coronal and sagittal adult thoracolumbar deformities. The addition of multilevel LIF to open PSF with L5-S1 interbody support in this small cohort of patients was often used in cases of more severe coronal and/or sagittal deformities and offered better correction of major Cobb angles, lumbopelvic parameters, and SVA than posterior-only operations. These advantages came at the expense of significantly more major complications, more leg weakness, greater EBL, and longer operative times and hospital stays without an improvement in 2-year outcomes. Future investigations should aim to more clearly define which adult spinal deformities may benefit from the addition of multilevel LIF to open PSF and L5-S1 interbody fusion.
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